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current methods for studying central nervous system myelination necessitate permissive axonal substrates conducive to myelin wrapping by oligodendrocytes. We have developed a neuron-free culture system in which electronspun nanofibers of varying sizes substitute for axons as a substrate for oligodendrocyte myelination, thereby allowing manipulation of the biophysical elements of axonaloligodendroglial interactions. to investigate axonal regulation of myelination, this system effectively uncouples the role of molecular (inductive) cues from that of biophysical properties of the axon. We use this method to uncover the causation and sufficiency of fiber diameter in the initiation of concentric wrapping by rat oligodendrocytes. We also show that oligodendrocyte precursor cells display sensitivity to the biophysical properties of fiber diameter and initiate membrane ensheathment before differentiation. the use of nanofiber scaffolds will enable screening for potential therapeutic agents that promote oligodendrocyte differentiation and myelination and will also provide valuable insight into the processes involved in remyelination.
One of the major hurdles when studying neuronal-glial interactions is trying to understand how two different cell types communicate effectively to accomplish a particular task. Myelination is the result of complex neuronal-glial interactions and is necessary for the efficient and rapid transmission of action potentials throughout the vertebrate nervous system. During the development of the central nervous system (CNS), neurons and oligodendroglia interact with each other in numerous ways to achieve precise and timely myelination. It is generally accepted that inductive and/or inhibitory signals produced by axons control whether they will become myelinated 1 . Neurons also modulate proliferation and migration of oligodendrocyte precursor cells (OPCs) by providing mitogenic cues 2 and trophic factors 3 . Conversely, oligodendroglia support the function and the wellbeing of neurons 4, 5 . Because of the intimate nature of neuronaloligodendroglial interactions, it is challenging to study certain A culture system to study oligodendrocyte myelination processes using engineered nanofibers processes related to myelination using in vitro coculture methods, as these systems make it hard to uncouple indirect (neuronal) from direct (oligodendroglial) effects when axonaloligodendroglial interactions are manipulated.
It is well established that large-diameter axons tend to be myelinated but that small-diameter axons remain unmyelinated 6 . This correlative observation, combined with the finding that increasing axon diameter stimulates myelination of normally unmyelinated axons 7 , suggests that axonal fiber diameter may play an important role in regulating myelination. However, demonstrating causation or sufficiency in the contribution of axonal fiber diameter on myelination remains difficult, especially as molecular cues persist continuously along axons. Previous coculture setups used for studying myelination do not allow discrimination between diameter-dependent molecular signaling mechanisms and the biophysical property of fiber diameter itself. Therefore, uncoupling of axon diameter from molecular cues expressed on the surface of axons is currently unachievable because the presence and degree of molecular signaling may be directly linked to axon caliber. In the peripheral nervous system, for example, expression of neuregulin 1 type III (NRG1) above a certain threshold by the axons dictates initiation of myelination by Schwann cells, and NRG1 levels are thought to be dependent on axon diameter; this relationship thus suggests a mechanism by which axon diameter controls the initiation of myelination. On the other hand, CNS oligodendrocytes do not seem to respond to NRG1 levels for initiation of axonal wrapping, and the role of axon caliber on triggering myelination in the CNS remains unclear. Evaluating the causal relationship between axon diameter and oligodendrocyte myelination is further complicated by the fact that axon diameters can change in an organism over time. Myelination promotes radial growth of axons during development [8] [9] [10] , and the longitudinal expansion of myelin internodes associated with the age-related growth of vertebrates decreases the overall diameter of the axon 11 . Effectively uncoupling the role of fiber diameter from an axonal signal necessitates manipulation of one without the other.
Recent efforts to investigate the need for axonal signals for the initiation of oligodendrocyte myelination revealed that initiation of myelination does not depend on axonal signals and may in fact be due to a permissive axonal environment, as oligodendrocytes myelinate paraformaldehyde-fixed axons 12 . To further investigate this phenomenon and to overcome previously mentioned obstacles, we have developed an alternative culture system to study myelination processes, and we use this system to examine the biophysical effect of fiber diameter on the initiation of myelination in the absence of molecular cues. To this end, we have used electron-spinning technology to generate polystyrene nanofibers as an artificial scaffold for oligodendrocyte myelination 13, 14 . Previous studies using glass microfibers 15 and/or Vicryl nanofibers 16 obtained promising results with oligodendrocytes ensheathing and wrapping the fibers; however, the influence of fiber diameter was not examined. By engineering nanofibers with varying diameters (0.2-4.0 µm), we demonstrate that fiber diameter is sufficient to initiate concentric wrapping by rat primary oligodendrocyte cultures. We examined fibers by light and electron microscopy, and we determined the minimum fiber diameter threshold to be 0.4 µm. Oligodendrocytes showed a preference for wrapping and ensheathing fibers of diameters larger than 0.5 µm, with a fivefold increase in the frequency of myelin-like segments formed by oligodendrocytes in these fibers. We also show that OPCs and mature oligodendrocytes exhibit similar sensitivities to the biophysical properties of fiber diameter and that OPCs have the capacity to ensheathe fibers before the expression of differentiation markers such as myelin basic protein (MBP).
results myelination does not require dynamic axonal signaling
To examine myelination by oligodendrocytes in vitro, in the past we have used a coculture system with dorsal root ganglion (DRG) neurons and purified rat primary OPCs 12, 17, 18 . Axons formed by DRGs are normally small in diameter and exist as either unmyelinated or thinly myelinated sensory fibers in vivo 19 . However, DRG axons undergo hypertrophy when cultured in saturating concentrations of the neurotrophin nerve growth factor, which results in an increase in their axon diameter (1-2 µm) (data not shown). This axon diameter range is similar to that of myelinated axons in the CNS 20 and allows for the establishment of a robust coculture model to study oligodendrocyte myelination in vitro 21 . Upon seeding onto DRGs, OPCs associate tightly with axons, on which they proliferate rapidly until reaching a critical density (Supplementary Fig. 1a-d) . Afterward the OPCs undergo a population-wide differentiation and myelinate axons 12 ( Supplementary Fig. 1e ,f) in physiological processes similar to those that occur during oligodendroglial development. We previously reported that OPCs cultured on paraformaldehyde-fixed DRGs maintain the capacity to differentiate and myelinate axons similarly to live axons 12 (Supplementary Fig. 1g-i) . This finding demonstrates that initiation of myelination does not require dynamic axonal signaling, and it suggests the presence of a permissive axonal environment for myelination. However, this coculture setup does not allow controlled manipulations of the biophysical properties regulating axon-oligodendroglial interactions. In particular, it could not be used to assess whether the fiber diameter of axons represents the permissive aspect of the axonal environment that initiates myelination.
electron-spun polystyrene nanofibers for myelination studies
To develop an alternative culture model that overcomes the limitations of previous culture systems and address that question, we engineered electron-spun polystyrene or poly(l-lactic acid) (PLLA) nanofibers with diameters ranging from 0.2 µm to 4.0 µm (refs. 13,14) ( Fig. 1a,b ). It has previously been observed that most of the myelinated axons in the mammalian CNS range in diameter from 0.3 µm to 2 µm and that oligodendrocytes have the capacity to myelinate axons as large as 15 µm in diameter 20, 22 . Therefore, the diameter range of our nanofibers represents a physiologically relevant mixture of axon calibers detected in vivo. We observed that OPCs cultured on poly(l-lysine)-coated nanofibers showed similar behaviors to those observed in previous coculture models using fixed or live DRGs 12 (Supplementary Fig. 1 ). OPCs were cultured in the presence of platelet-derived growth factor (PDGF), a potent mitogen for OPCs, and were seen to closely align with the fibers and proliferate. OPCs rapidly occupied all npg of the fiber area before undergoing differentiation into MBPexpressing mature oligodendrocytes ( Fig. 1c-f ). To quantify the proliferation and differentiation of OPCs on nanofibers, we analyzed the number of PDGF receptor α-positive (PDGFRα + ) OPCs and MBP + oligodendrocytes over a 2-week period in culture ( Fig. 1g,h) . The results show that OPCs cultured on nanofibers proliferated until reaching a critical density before differentiation, mirroring the temporal and spatial progression of OPCs cultured on axons. To examine the functional role of axonal fiber diameter, OPCs were cultured on small-diameter (0.2-0.4 µm) and large-diameter (2.0-4.0 µm) fibers ( Fig. 2a,b) . Although OPCs differentiated efficiently on the small fibers, they extended their processes and formed membrane sheets, but they did not initiate wrapping ( Fig. 2a and Supplementary Fig. 2d-g) . In contrast, oligodendroglia cultured on large-diameter fibers differentiated, concentrically wrapped the fibers ( Fig. 2b) and formed myelinlike segments of multiple compact membrane wraps as visualized by electron microscopy (Fig. 2c-e ). It is important to note that although compact myelin was observed, its occurrence was infrequent. In fact, the majority of the myelin-like segments surrounding the fibers were aberrantly organized, with few wraps of membrane and with cytoplasm remaining between the wraps. Additionally, a correlation between the number of wraps and the caliber of the fiber was not observed, which indicates the importance of the axonal signals for myelin compaction and for the establishment of the appropriate number of wraps of membrane in the multilamellar organization of the myelin sheath ( Fig. 2c-e ). However, we demonstrated that myelin proteins such as myelinassociated glycoprotein and myelin oligodendrocyte glycoprotein are present within the MBP + segments (Fig. 2f,g) . Although the localization of myelin-associated glycoprotein could be detected along the length of the segment, it was enriched at segment margins ( Fig. 2f, arrowhead) , a distribution suggestive of noncompact myelin-like structures. Myelin oligodendrocyte glycoprotein expression is indicative of oligodendrocyte maturation and suggests that the myelin-like segments observed may indeed represent mature oligodendrocyte wrapping and not a premyelinating phenomenon. These data demonstrate that fiber diameter npg is sufficient to initiate membrane wrapping by oligodendrocytes.
To determine whether this minimum threshold observation could be overcome by coating the fibers with different substrates, we coated small-diameter fibers with laminin 23 , nectin-like protein 1 (NECL1) 24 , poly(l-lysine) and purified axonal membranes. None of these substrates promoted wrapping of small-diameter fibers by oligodendrocytes. The cells extended membrane sheets that spread between and/or on top of the fibers, but they did not wrap the fibers (Supplementary Fig. 2d-g) .
Quantification of fiber diameter threshold and preference
Previous observations have demonstrated that fiber diameter is tightly correlated with the initiation of myelination in vivo and that the axon diameters usually range from 1 µm in the peripheral nervous system to approximately 0.2-0.7 µm in the CNS before myelination 11, 20 . To determine the minimum fiber diameter at which oligodendrocytes commence wrapping in our system, we analyzed oligodendrocytes cultured on nanofibers ranging from 0.2 to 4.0 µm in diameter and quantified the total number of MBP + segments (Fig. 3a) normalized to the fiber distribution on each coverslip (Fig. 3b) . We found that the minimum fiber diameter threshold for oligodendrocyte myelination is approximately 0.4 µm, a value consistent with the observed axon caliber reported during development in vivo 22 . To demonstrate that diameterdependent wrapping of fibers is specific to oligodendrocytes, we cocultured astrocytes on nanofibers (Supplementary Fig. 3) . The astrocytes extended long fiber-like membrane processes across and/or along the fibers, but none of the membrane growth patterns resembled that of oligodendrocyte wrapping. We then used this culture setup to investigate the relationship between initiation of wrapping and differentiation of OPCs. Typically, expression of MBP is a hallmark of oligodendrocyte differentiation and of the formation of myelin segments on axons. It is accepted that MBP + mature oligodendrocytes wrap axons and form myelin, but at which stage the oligodendroglial cells initiate ensheathment and wrapping remains unclear. We hypothesized that OPCs may demonstrate sensitivity for the minimum fiber diameter threshold and initially select and wrap fibers before MBP expression. Consistent with this hypothesis, we found that OPCs with PDGFRα + and MBP − expression-indicative of OPC immaturity-extend membrane processes and ensheathe only the larger-diameter fibers (≥0.4 µm) ( Fig. 3c-e ). This ensheathment in the absence of MBP expression is confirmed by electron microscopy of the cultures (Fig. 3f) . PDGFRα + segments are indeed OPCs that lack MBP expression ( Supplementary  Fig. 4a-c) , albeit possessing morphologies that closely resemble that of MBP + oligodendrocytes (Fig. 3c) . Additionally, we purified galactosylceramide-positive mature oligodendrocytes from the postnatal rat brain and assessed their ability to wrap fibers with varying diameters (Supplementary Fig. 4d,e ). Similarly to OPCs, mature oligodendrocytes consistently wrapped fibers with diameters above 0.4 µm and could not wrap fibers with diameters below this threshold ( Supplementary Fig. 4d,e) .
As the minimum diameter threshold may represent the transition between permissive and nonpermissive axonal environments, we set out to determine whether oligodendroglia display a preference for specific-diameter fibers. This may provide some insight into the temporal regulation of myelination during mammalian brain development as many regions of the CNS contain an assortment of small-and large-diameter axons 22 . Developmental studies have shown that the largest-diameter axons from the spinal cord are the first to be myelinated, suggesting a potential oligodendroglial preference for larger-diameter axons 25 . To investigate this preference, we examined the developing optic nerve by electron microscopy. Initiation of compact myelination can be detected at postnatal day 8 (Supplementary Fig. 5 ). Upon quantification of the diameters of the axons undergoing early myelination, we found that only axons with a diameter greater than 0.3 µm showed signs of being engaged in the initial stages of myelination. To test oligodendroglial preference for axonal diameter in our culture setup, we used PLLA fibers engineered to display gradual changes in diameter continuously along the same fiber (Fig. 3g) . npg
We observed that oligodendrocytes display a preference for ensheathing and wrapping sections corresponding to larger fiber diameters (Fig. 3h) . To quantify this preference, we used mixtures of polystyrene fibers with diameters ranging from 0 to 0.8 µm and counted the number of MBP + or PDGFRα + segments wrapping each of the different fiber groups. The fibers with diameters ranging from 0.5 to 0.6 µm and from 0.7 to 0.8 µm displayed respective fivefold and sevenfold increases in the frequency of MBP + or PDGFRα + segments as compared to smaller-diameter fibers ranging from 0.3 to 0.4 µm (Fig. 3i) . This finding was consistent even when the small-diameter fibers (0.2-0.4 µm) were overrepresented among the mixed fibers, suggesting that OPCs and oligodendrocytes prefer larger-diameter fibers even if the smaller fibers are above minimum threshold (Supplementary Fig. 6 ).
Quantification of cells that ensheathe or wrap fibers
We quantified the percentage of OPCs and oligodendrocytes that ensheathed or wrapped the fibers in our cultures (Fig. 4a-c) .
Compared to the approximately 60% of OPCs and oligodendrocytes that ensheathed or wrapped large-diameter fibers (2.0-4.0 µm), only around 5% did so for fibers 0.2-0.4 µm in diameter (Fig. 4a) . It must be noted that the few fibers that were ensheathed or wrapped belonging to this group were approximately 0.4 µm in diameter (data not shown). Additionally, whereas oligodendroglial cells consistently exhibited multipolar morphologies in vivo and when cultured with DRG axons, the cells cultured on the nanofiber platform displayed both bipolar and multipolar morphologies (Fig. 4d,e ). This observation suggests that axonal cues may contribute to the morphology, process extension and/or stabilization of oligodendroglial cells. Nevertheless, bipolar and multipolar oligodendroglial cells exhibited similar sensitivities to fiber diameter, with both types readily ensheathing and wrapping the fibers with diameters larger than 0.3 µm (Fig. 4d) . Together these findings suggest that OPCs and oligodendrocytes share a conserved sensitivity for the biophysical properties of fiber diameter and implicate a novel chronology of events for the myelination process whereby differentiation in the context of protein and lipid expression occurs after selection and ensheathment of fibers by OPCs (Supplementary Fig. 7) .
discussion
We show that OPCs cultured with poly(l-lysine)-coated nanofibers tightly associate with the fibers and undergo proliferation until reaching a critical density before differentiation, mirroring processes observed when OPCs are cultured with live or fixed axons. We also demonstrate that OPCs display sensitivity to the biophysical properties of fiber diameter and will select and ensheathe fibers before the expression of myelin proteins, maintaining this ensheathment during proliferation (data not shown). Based on these observations, we hypothesize that during CNS development, OPCs proliferate until reaching some critical densitywhile concurrently selecting and ensheathing axons on the basis of their diameter-before differentiation and myelination (Supplementary Fig. 7) . We propose that differentiation represents the expression of the proteins and lipids that are paramount for formation of multilamellar structures and compact membrane wrappings indicative of the myelin sheath, and we suggest that an OPC that differentiates into an oligodendrocyte in a permissive axonal environment will ultimately form myelin.
As we show in this work, the use of engineered nanofibers provides unique opportunities to study myelination processes and represents a complementary approach to current methodologies that rely on the presence of cocultured neurons. These nanofiber scaffolds allow for the study of oligodendroglia dynamics and will enable the screening of therapeutic agents in a minimally permissive environment without confounding neuronal contributions. As shown here, OPC and oligodendrocyte sensitivity to a minimum fiber diameter threshold may be important for initiating myelination-related processes. This finding may provide leads for the development of new strategies that promote remyelination after injury or disease by ensuring the presence of a permissive axonal environment.
methods
Methods and any associated references are available in the online version of the paper.
Note: Supplementary information is available in the online version of the paper.
nAture methods online methods Electron-spinning nanofibers for myelination. Polymer nanofibers of varying diameter were generated by the electronspinning method as described previously 14, 26 . Briefly, poly(llactic acid) (PLLA) fibers were spun from a solution of 4% (w/v) PLLA dissolved in chloroform:dimethylformamide (9:1 v/v). The fluorescent dye sulforhodamine was added to the solution just before it was spun at a concentration of 0.0025% (w/v). The solution was pumped through a 6-cm-long 25-gauge blunt metal tip placed 30 cm from the rapidly rotating collector wheel (25-cm diameter, 600 RPM). The metal tip was maintained at a voltage of +25 kV, and the collector wheel was maintained at −2 kV. Polystyrene fibers were similarly spun from a solution of 30% (w/v) polystyrene in dichloromethane:dimethylformamide (1:1 v/v). A 1.5-cm blunt metal tip was maintained at +15 kV during spinning and the collector wheel remained at −2 kV. The diameter of the resulting polystyrene fibers was controlled by varying the speed of the collector (500-2,000 RPM) as well as the distance between the tip and the collector (15-30 cm) . During collection, electron-spun nanofibers were aligned and loosely attached electrostatically to 12-mm glass coverslips, which were then aligned at the surface of the collector. After spinning, silicone adhesive sealant (Dow Corning) was used to secure the fibers to the coverslips. The fiber diameter was assessed by scanning electron microscopy (SEM) (Supplementary Fig. 1a-c) . Fibers were sterilized by rinsing with 70% ethanol and then were washed with water and coated with the appropriate substrates before the seeding of oligodendroglia.
Substrate coating of electron-spun nanofibers. Nanofibers were coated with poly(l-lysine) (100 µg/ml) for 1 h, washed twice with water and air-dried. In some cases, this was followed by incubation with laminin (5 µg/ml) in DMEM at 37 °C for 2 h. Laminin was removed via one wash with DMEM before the seeding of OPCs. For Supplementary Figure 1 , DRG axonal membranes were purified using an adapted protocol 27 . Briefly, DRG cell bodies were excised, and the remaining axons were extracted in DPBS subjected to freeze-thaw cycles before ultracentrifugation at 540,000g for 1 h at 4 °C. The membrane pellet was resuspended in chemically defined medium, sonicated and incubated with the nanofibers overnight at 4 °C for proper adsorption. Unattached membranes were gently removed before the seeding of OPCs. For coating the fibers with NECL1 protein, NECL1-Fc fusion proteins (gift from E. Peles) were incubated overnight and washed extensively in DMEM (Invitrogen) before seeding OPCs.
Isolation of primary rat oligodendrocytes.
Immunopanning of OPCs and oligodendrocytes was performed as previously described 17 . Briefly, OPCs were purified from P7 and P8 Sprague Dawley rat brain cortices, whereas mature oligodendrocytes were purified from P9 rat brain cortices. Male and female Sprague Dawley rat pups and timed-pregnant female rats were ordered from Lawrence River 1-7 d before OPC isolation and were housed in the UCSF specific pathogen-free vivarium. Animals were housed and euthanized in accordance with all Institutional Animal Care and Use Committee (IACUC) and Laboratory Animal Resource Center (LARC) requirements as specified by the US National Institutes of Health. For immunopanning, Petri dishes were incubated overnight with goat anti-mouse IgG/M secondary antibodies (conc. 10 µg/ml, Jackson Laboratories cat. no. 115-005-044 ) in 50 mM Tris-HCL, pH 9.5. Dishes were then rinsed and incubated at room temperature with primary antibodies against astrocyte cell-surface protein, rat neural antigen-2 (Ran-2, 1:5 dilution in hybridoma medium), galactosylceramide (GalC, 1:5 dilution in hybridoma medium) and A2B5 (a marker for glial precursor cells, 1:5 dilution in hybridoma medium) for the isolation of rat OPCs. Rat brain hemispheres were diced and dissociated with papain (Worthington, cat. no. 3119) at 37 °C. After trituration, cells were resuspended in a panning buffer (0.2% BSA in DPBS) and incubated at room temperature sequentially on three immunopanning dishes. For OPCs, Ran-2 and GalC were used for negative selection before positive selection with A2B5. For the purification of mature oligodendrocytes, Ran-2 and A2B5 were used for negative selection before positive selection with GalC. OPCs or oligodendrocytes were released from the final panning dish using 0.25% trypsin (Invitrogen).
Oligodendroglial-nanofiber cultures. We isolated 250,000 rat primary oligodendroglial cells from postnatal brains as described above, which we then cultured on substrate-coated nanofibers in chemically defined medium composed of DMEM (Invitrogen) supplemented with B27 (Invitrogen), N2 (Invitrogen), penicillinstreptomycin (Invitrogen), N-acetylcysteine (Sigma-Aldrich), forskolin (Sigma-Aldrich) and 12.5 ng/ml PDGF-AA (Peprotech). Cultures were maintained for 15 d before analysis.
Quantification of PDGFRa + or MBP + segments on fibers.
The distribution of nanofiber diameters (0.2-4.0 µm) on each coverslip was determined by scanning electron microscopy. Nanofibers on coverslips were subdivided into four categories based on the distribution of the fiber diameters: (i) 0.2-0.4 µm, (ii) 0.3-0.8 µm, (iii) 0.8-2 µm and (iv) 0.6-4.0 µm. Fibers with diameters ranging from 0.2 to 4.0 µm were used to determine threshold diameter for ensheathment and wrapping, and fibers ranging from 0.2 to 0.8 µm were used to quantify preference. OPC ensheathment was analyzed by quantifying the number of PDGFRα + segments, whereas oligodendrocyte wrapping was analyzed by quantifying the number of MBP + segments covering the fibers. All segments were defined by the complete ensheathment of a fiber for a length greater than 30 µm. For all quantifications, the number of PDGFRα and MBP segments represents the mean of at least three independent experiments. Three coverslips were quantified per category of fibers (i-iv), and 20-30 fields per coverslip were acquired (n = 3). Finally, the total number of segments was normalized to the distribution of the fiber diameters from each category (1) (2) (3) (4) . Statistical significance across all categories was evaluated with Tukey post-hoc comparison after one-way ANOVA (P < 0.001).
OPC-DRG cocultures.
OPC-DRG cocultures were prepared as previously described 17 . Briefly, DRG neurons from E15 Sprague Dawley rats were dissociated, plated (150,000 cells per 25-mm cover glass) and purified on collagen-coated coverslips in the presence of 100 ng/ml NGF (AbD Serotec). Neurons were maintained for 3 weeks and washed with DMEM (Invitrogen) extensively to remove any residual NGF before seeding OPCs. Cocultures were grown in chemically defined medium composed of DMEM (Invitrogen) supplemented with B27 (Invitrogen), npg
